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A b s t r a c t  

The lattice parameters of L-PdsCe have been determined as a function of annealing 
temperature. L-PdsCe has a one-dimensional long-period superstructure derived from L12, 
and the long periodic direction is along [110] of the L12 lattice. At 873 K, the distance 
between adjacent anti-phase boundaries, or the domain size, is almost exactly M =  3 in 
units of the lattice spacing of (110) planes of L12 (=Co), and the crystal structure is 
P m m a  with the lattice parameters a=0 .5700  nm, b=0.4062 run and c=3co=0.8462 
nm. The axes correspond to [ i l0 ] ,  [001] and [110] respectively of L12. VChen M is 
even, the space group of the structure is regarded as B m m m  for the above setting of 
the axes. As the annealing temperature is elevated to 973 K, the quantities a/21z2, b and 
21~Co, which correspond to the lattice dimensions of the pseudocubic lattice of L12, then 
have an identical value to one another. The variation in lattice parameters is explained 
in terms of a rapid increase in M associated with atomic disordering. The observed lattice 
parameters indicate that the averaged atomic volume varies less than 0.2%. The small 
variation cannot be a cause of the distinct dependence of electrical resistivity upon the 
annealing temperature. 

1. I n t r o d u c t i o n  

It is  well  k n o w n  tha t  a l loys  and  c o m p o u n d s  of  c e r i um exh ib i t  d i s t inc t  
a n o m a l i e s  in p h y s i c a l  p r o p e r t i e s  such  as  e lec t r i ca l  res is t iv i ty .  The a n o m a l i e s  
a re  a t t r i bu t ed  to  the  m i x e d  va l ence  of  cer ium.  The p r e s e n t  a u t ho r s  [ 1 ] found  
tha t  the  m a g n i t u d e  of  the  a n o m a l i e s  s h o w s  a s t r ong  d e p e n d e n c e  on  annea l i ng  
t e m p e r a t u r e  for  PdTCe, L-PdsCe and  Pd3Ce. S ince  t h e s e  p h a s e s  a re  of  o r d e r e d  
s t r u c t u r e s  [ 2 - 5 ] ,  the  annea l i ng  t e m p e r a t u r e  d e p e n d e n c e  is t hough t  to  be  
due  to  c h a n g e s  in the  d e g r e e  of  o rder .  Actua l ly ,  t he  d e g r e e  of  o r d e r  in PdTCe 
and  L-Pd~Ce was  con f i rmed  to  va ry  wi th  annea l i ng  t e m p e r a t u r e  [6, 7]. The  
change  in d e g r e e  of  o r d e r  can  affect  the  a t o m i c  d i s t ances ,  the  a tomic  v o l u m e  
a n d  so on, which  a re  p o s s i b l e  c a u s e s  o f  the  a n n e a l i n g  t e m p e r a t u r e  d e p e n d e n c e .  
In the  case  o f  L-PdsCe,  the  t e m p e r a t u r e  coeff ic ient  of  e l ec t r i ca l  r es i s t iv i ty  

*Present address: Department of Materials Science, Faculty of Science, Hiroshima University, 
Kagamiyama, Higashi-Hiroschima 724, Japan. 

**Present address: Canon Co. Ltd., Atsugi, Kanagawa 243-01, Japan. 

0925-8388/92/$5.00 © 1992-  Elsevier Sequoia. All rights reserved 



62 

below room temperature  and the value of  the resistivity at room temperature  
show distinct changes with annealing temperature  between 873 and 973 K 
[1 ]. Since the physical propert ies of  cerium alloys are well described as a 
function of C e - C e  distance and/or lattice parameters  [8, 9], crystallographic 
data are required to discuss the effects of 4f electrons on the annealing 
temperature  dependence.  However, there has been no intensive work on the 
lattice parameters  of  L-Pd~Ce. In this study, the lattice parameters  of L- 
Pd~Ce have been determined as a function of annealing temperature in order  
to supply the crystallographic data. 

2. E x p e r i m e n t a l  procedure  

An ingot of  Pd-16.7at .%Ce was made by melting elements of  palladium 
and cerium in an arc furnace under  an a tmosphere  of extra-pure argon. The 
weight loss after melting was negligibly small so that the deviation in 
composit ion from the stoichiometry was believed to be less than _+ 0.2 at% 
Ce. The alloy ingot was filed to powder  under  an atmosphere of argon, and 
annealed in vacuum at various tempera tures  between 873 and 973 K for 
172.8 ks ( 8 7 3 - 9 1 3  K) or 86.4 ks ( 933 -973  K), followed by quenching into 
iced brine. X-ray diffraction patterns for the powder  specimens were recorded 
with a conventional diffractometer with nickel-filtered Cu Ka radiation. An- 
nealed powder  of palladium (the lattice parameter  a = 0.38906 nm) was used 
to calibrate the diffraction angles. The conditions for measurement  were as 
follows; the scanning speed was 1 .45444×  10 -4 rad s -1 (0.5 ° rain -1) in 20 
and the time constant  was 2 s for the specimen annealed at 873 K, and 1 ° 
min-~ and 1 s for the other  specimens. The powder  pattern was calculated 
for L-PdsCe using the atomic scattering factors of  palladium and cerium 
given by Smith and Burge [10]. The tempera ture  factor  was not  taken into 
account,  for no reliable data for  it were available. 

A disc specimen 3 mm in diameter  was prepared and heat t reated in 
the same way as for  the powder  specimens. The disc specimen was elec- 
t rothinned to electron t ransparency in a solution of LiCl, Mg(C104)e and 
CH3OH. Electron microscope observation was made with a JEM-2000FX 
microscope.  

3. Resul t s  and d i scuss ion  

3.1. Crystal structure o f  L-Pd5 Ce 
Figure l (a )  illustrates the crystal s tructure of L-Pd~Ce type [4] which 

is a one-dimensional long-period superstructure derived from L12 by inserting 
periodic anti-phase boundaries (APBs) with a shift vector  of  ½[110]L12, 
where the subscript  L12 means that the indices are referred to L12. The 
structure is regarded as or thorhombic with the axes all[i10]L12, 
bill001 ]L12 and cll[110]L12. AS the length of  the c axis in the present  structure 
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APB APB 

IPd l y :o l  
• Pdl/:I/21 

APS M=3(PdsEe) ~,pB L12(Pd]Ce) ;APB 

M=¢(Pd26[e6) 

Fig. 1. Crystal s t ructures of L-Pd5Ce type (O, Ce ( y = 0 ) ;  O, Pd ( y = 0 ) ;  o, Pd (y=½)): (a) 
M =  3 (Pd5Ce); (b) M =  4 (Pd2~C%); (c) M =  oo or L12 structure (Pd3Ce). The composit ions in 
paren theses  represent  the ideal ones of the structures.  Deviations from Pd~Ce can be compensated  
by atomic disordering. 

TABLE 1 

Coordinates of the sites in the L-PdsCe structure 

Site Coordinates 

Ce 

Pd 

(½, o, ~+z~) 
(0, 0, t -zc)  
(0, 0, z~) 
(½, 0, -z~) 
(~+x2, ½, t+z2) 
(~-x2, ½, ~+z2) 
(~- x2, ½, t - z2) 
G+x2, ½, ~-zD 
(0, o, ~+z3) 
(½, 0,  ~ - z D  
(~, ½, ½) 
G, ½, ½) 

is the  dis tance be tween  adjacent  ant i -phase boundar ies ,  it is convent ional ly  
r e p r e s e n t e d  in units  of  the spacing of  the basic o rde r  lat t ice planes,  c =Mco,  
where  Co is the  latt ice spacing of  (110)L12 planes.  The  s t ruc ture  of  L-PdsCe 
annea led  be low 873  K has an M value of  3 (Fig. l ( a ) ) .  The  n u m b er s  of  
ce r ium and  pal ladium sites in the  unit  cell  a re  two and ten  respect ively,  and 
the i r  coord ina tes  are given in Table  1, where  x~ and  z~ are  small deviat ions 
f rom the i r  ra t ional  posi t ions.  Shifting the origin of  the  coord ina tes  by  (¼, 0, 
½), one  can  easily see that  the  s t ruc ture  has  an  invers ion cen t re  and the  
space  g roup  P m m a .  The value of  M can increase  with increas ing ce r ium 
con ten t  and t e mpe ra tu r e  [7]. Fo r  M even, the  axis  c should  be  2Mco, as 
shown in Fig. l (b ) ,  in o rde r  to  mainta in  the  o r tho rhombic  symmetry ,  and 
then  the  space  group  is B m m m  fo r  the  above  set t ing o f  axes.  Alternatively, 
if one  wants  to  set  c o m m o n  axes  which p re sen t  the  long per iod  by  2M in 
a convent iona l  way  for  bo th  M odd  and M even, the  lat t ice should  be  r ega rded  
as  monoc l in ic  [4]. 
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F igure  2 shows  an  e lec t ron  diffract ion pa t t e rn  for  L-PdsCe with  M =  3. 
Diffract ion s p o t s  indexed  as hk0L12 wi th  h + k  odd  should  van i sh  owing to  
the  an t i -phase  s t ruc ture .  However ,  s p o t s  s o m e t i m e s  a p p e a r  a t  such  pos i t ions  
as ind ica ted  by  a r r o w s  in Fig. 2. I t  is no t ed  tha t  the  pos i t ion  of  the  s p o t  
dev ia tes  f r o m  the  symmet r i ca l  point .  The  spo t s  a re  a s s igned  as  h k l = O O 1  
with / = o d d ,  or  its equivalent ,  o f  a n o t h e r  o r ien ta t ion  va r i an t  wi th  
c I I [ 101 ]L 12 o r  c ll [ 10 i ]L 12, and  the  devia t ion  in pos i t ion  is due  to the  d is tor t ion  
of  the  bas ic  L12 latt ice.  F r o m  c lose  e x a m i n a t i o n  of  the  devia t ion o f  
the  di f f ract ion spots ,  the  L12 lat t ice is found  to  be  c o n t r a c t e d  by  a b o u t  1% 
a long  [110]L12 ( a  axis  of  the  o r t h o r h o m b i c  lat t ice)  and  2% a long  
[110]L~2 (C axis) ,  re la t ive  to  [001 ]T,I~ (b axis) .  

Tab le  2 shows  the  resu l t s  fo r  the  X-ray  diffract ion p a t t e r n  of  L-PdsCe. 
Since the  annea l ing  t e m p e r a t u r e  is 873  K, the  va lue  fo r  M is t h o u g h t  to  be  
3. In a k n o w l e d g e  o f  the  relat ive con t r ac t i on  of  the  L12 lat t ice a long  
[il0]L12 and  [110]~.~2, or  the  a and  c a x e s  of  the  o r t h o r h o m b i c  lat t ice,  
the  va lues  fo r  the  lat t ice p a r a m e t e r s  w e r e  d e t e r m i n e d  b y  the  l eas t - squares  
m e t h o d  to  be  a = 0 . 5 7 0 0 4 _ 0 . 0 0 0 0 5  nm,  b = 0 . 4 0 6 2 2 _ 0 . 0 0 0 0 4  n m  and  
c = 3Co = 0 .8461v  - 0 .00007 nm,  yielding a/21ZZb = 0.9922 and  21/2co/b = 0.9819. 
Since the  L-Pd~Ce p h a s e  has  a n a r r o w  c o n c e n t r a t i o n  r ange  fo r  solid so lu t ion  
[7, 11],  the  a b o v e  va lues  for  la t t ice  p a r a m e t e r s  can  va ry  wi th  the  al loy 
compos i t i on .  The  o b s e r v e d  p o w d e r  da ta  a re  found  to  be  in g o o d  a g r e e m e n t  
with the  ca lcu la ted  da ta  whe re  xi  and  zi are a s s u m e d  to  be  zero.  One can  
see  tha t  the  indices  of  the o b s e r v e d  diffract ion l ines have  an  even  value  for  
h and  a mul t ip le  of  3 for  1. A se t  o f  the  r e d u c e d  indices  h /2  k l /3 natura l ly  
sa t is fy  an  ex t inc t ion  rule for  a b o d y - c e n t r e d  lat t ice,  indicat ing tha t  they  are  

Fig. 2. Electron diffraction pattern for L-PdaCe with M s  3. The indices with the subscript are 
referred to L12 and those without it to the orthorhombic lattice. It is noted that the diffraction 
spots at hk/L12with h + k  odd, as indicated by the arrows, deviate from the symmetric positions. 
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X-ray powder  data  for L-PdsCe 
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Observed a Calculated b 

d (tun) I/Io d (nm)  I / I  6 hk l  hklL12 ¢ 

0.8462 < 1 001 
0.4728 < 1 101 
0.3081 < 1 111 

0.2332 100 0.2333 100 210 1]1 
0.2318 95 0.2317 98 013 111 

0.2030 30 0.2031 33 020 002 
0.2006 60 0.2005 63 203 200, 

0.1427 41 223 022, 
0 .1426 d 50 

0.1425 10 400 220 
0.1410 10 0.1410 10 006 220 

0.12232 12 0.12230 12 230 113 
0.12206 15 0.12207 12 033 113 
0.12140 20 0.12139 24 413 311, 
0.12069 18 0.12070 24 216 131, 

0.11664 12 0.11666 11 420 222 
0.1158a 10 0.11585 10 026 222 

0.10155 5 0.10156 4 040 004 
0.10025 8 0.10024 8 406 400, 

0.092703 12 0.092711 15 433 ]33,  

0 .09245 d 20 0.092514 8 610 331 
0.09240a 15 236 133, 

0.091582 5 0.09160~ 8 019 331 

0.090601 15 0.090597 16 243 024, 
0.090029 10 0.090041 8 603 240, 
0.089906 12 0.089896 16 426 042, 
0.089296 5 0.089295 8 209 240, 

020 

202 

131 
311 

040 

3 ] 3  

313 

204 
420 
4O2 
42O 

aPd-16.7at .%Ce annealed at 873 K. 
bL-PdsCe with M = 3 ,  a = 0 . 5 7 0 0 4  nm, b = 0 . 4 0 6 2 2  nm, c = 0 . 8 4 6 1 7  nm, x i = z i = O  and 
Weak lines with I / I  o < 0.5 are omitted. 
cCorresponding indices referred to L12. 
aBroad line. 

M = 3 .  

fundamental  lattice reflections of the orthorhombic lattice indicated in Fig. 
1. These indices correspond to those referred to L12 listed in the right-hand 
column of Table 2. The order  lattice reflections are expected to have quite 
small relative intensities I/Io less than 1%, so that they are hardly detectable 
with a conventional diffractometer. 

In order  to obtain the exact  atomic distances in Ce-Pd  and Ce-Ce pairs 
in L-Pd~Ce, the deviations zc, z2, x2 and z3 in the coordinates of the atom 
sites f rom their  ideal positions should be determined. However, as only the 
fundamental  lattice reflections can be detected, the number  of the observable 
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reflections is very small. The observed reflections overlap each other so that 
it is quite difficult to determine a reliable intensity of the reflections. Our 
preliminary calculation, however, predicted that a value greater  than 0.01 
for z~ intensifies some reflections such as hk l=  102 and 113 up to I/Io > 1%. 
Since no such reflections were actually detected by a careful examination, 
z~ and x2 are thought  to be almost zero or  to have quite small values. 

3.2. T e m p e r a t u r e  dependence  o f  lattice p a r a m e t e r s  
Some of the present  authors [7] repor ted  that the value of M increases 

towards infinity with increasing temperature.  The variation in M is explained 
in terms of atomic disordering. The crystal structure of L-PdsCe with M--  oo 
is regarded as L12 with a low degree of order,  and is then expected to be 
cubic. Figure 3 shows the X-ray powder  pat terns  for L-PdsCe annealed at 
various temperatures  between 873 and 973 K. It is seen that, as the annealing 
temperature  is increased, a group of split diffraction lines are merged into 
a single line. The sharp profile of the diffraction lines from the specimen 
annealed at 973 K indicates that the ~tructure is almost cubic, implying that 
M adopts  a large value. The present  result of the X-ray experiment  is consistent 
with an electron microscope observation [7] that  the value of M, which is 
3 around 873 K, increases rapidly to about  8 at 973 K. 

It is obvious that the basic L12 lattice of  L-PdsCe is distorted from a 
cubic system. However, if the specimen is not  annealed well enough to reach 
its equilibrium state, there can exist certain fluctuations in M and/or the 
degree of order. Such fluctuations obscure the splitting of the X-ray diffraction 
lines, and then the powder  pattern starts to resemble that of an f.c.c, lattice. 
Insufficient annealing can give rise to the misleading result that the structure 
of PdsCe is essentially of a cubic system. 

111LI 2 

N3~ I  220LI 2 311LI2 227LL 2 

"°i rl II IIJL-S -,.AJk . ! /_ ' ' ' ' ' 'K 

~0 50 50 70 80 (aI873K 
28 ( deg ) 

Fig. 3. Var ia t ion in X-ray powder  pat tern for  L-PdsCe -with annealLng temperature between 
873 and 973 K. The indices w i th  the subscr ipt  L12 are referred to the L12 latt ice. Patterns 
(d)--(f) were reduced to  one-hal f  in the ordinate, re lat ive to  pat terns (a) - (e) .  
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Figure 4 shows the variations in the lattice parameters with annealing 
temperature. In order to indicate the change in dimension of the pseudolattice 
of L12, the values of a/2 '/2, b and 2~/2c o are plotted against the annealing 
temperature. The larger magnitudes of error of the data for 893-973 K, 
compared with those for 873 K, are caused by the fact that the positions 
of some overlapping diffraction lines could not be determined accurately. 
One can see in Fig. 4 that b decreases and 2'/2Co increases with annealing 
temperature, while a/2 '~ decreases slightly. At 973 K, these parameters are 
almost identical to one another, indicating that the structure becomes close 
to being cubic. The value for b (a/2 '/2, 2~/2c0) after annealing at 973 K gives 
the lattice parameter of the cubic lattice with no distortion as a L l  2 = 0.4026 
nm, in agreement with a = 0 . 4 0 3 8  nm [11], 0.4024 nm [12] and 0.403 nm 
[ 13 ] in the literature. 

As above mentioned, the physical properties of L-PdsCe exhibit a distinct 
dependence on annealing temperature [1] which is ascribed to the change 
in degree of order. The change in degree of order can alter the circumstances 
of cerium: the volume of cerium and the number of Ce-Ce nearest-neighbour 
pairs. These are possible causes for the annealing temperature dependence 
of the physical properties, and then it is important to clarify which component 
has a significant effect on it. Figure 4 also shows the variation in the averaged 
atom volume (v).  It is seen that the magnitude of variation IA(v)/(v) l  is 
less than 0.2%. As the magnitude is comparable with the accuracy of the 
data for 893-953 K, it is yet uncertain whether the observed variation is 
significant. According to a high pressure experiment [14], application of a 
pressure of 77 kbar increases the electrical resistivity of L-PdsCe at room 
temperature by less than 10°/% while the averaged atom volume decreases 

,• 16"5 t ' 

i ~ T'Jv/v=O002 

• ~ 16.0/ , 

,,, 0.605 

I =  

(3. 

° a/~ ~ ~  

0fi__%1° / 
i 

873 973 
Anneahng Temperature (K] 

Fig. 4. Variat ion in t he  la t t ice  p a r a m e t e r s  ( top  curve,  b; middle  curve,  a/21fz; bo t tom curve,  
21/2Co) and  the  averaged  a tomic  vo lume  wi th  annea l ing  t e m p e r a t u r e  for  L-PdsCe. The scal ing 
bar  ind ica tes  Av/v = 0.002.  
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by 5%. Then the volume change of 0.2% is thought to induce the change 
of less than 0.4% in resistivity. This suggests that the change in lattice 
parameters  of L-PdsCe associated with annealing temperature gives little 
contribution directly to the large annealing temperature dependence of the 
electrical resistivity. 

4. Conc lus ions  

The lattice parameters  of L-Pd~Ce were determined as a function of 
annealing temperature in the range 8 7 3 - 9 7 3  K. The following conclusions 
can be  drawn. 

(1) L-PdsCe with M =  3 has an orthorhombic lattice with a = 0.5700 nm, 
b = 0 . 4 0 6 2  nm and c=3co=0.8462 nm, yielding a/21/2b=0.993 and 21/~Co/ 
b = 0.982. 

(2) As the annealing temperature is elevated, the lattice parameters vary 
in such a way that the fundamental L12 lattice becomes  close to being cubic. 
The lattice dimension of the L12 is 0 .4026 nm. 

(3) The averaged volume per  a tom (v)  in L-PdsCe is almost constant, 
irrespective of annealing temperature.  
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